Since late 2003, highly pathogenic H5N1 influenza A viruses have spread among poultry and wild aquatic birds in Asian countries. Transmission of these viruses to humans can be lethal. Most human cases of infection with H5N1 viruses have occurred in Vietnam. Therefore, to understand the pathogenicity in mammals of these H5N1 viruses, we took viruses isolated from poultry (5 strains) and humans (2 strains) in Vietnam and tested their virulence in mice. The results showed that the H5N1 viruses from humans were pathogenic in mice and that one avian isolate was also pathogenic. These findings suggested that the H5N1 viruses circulating in poultry adapted during replication in humans or that strains pathogenic in mice were transmitted directly to humans. KEY WORDS: H5N1 avian influenza virus, pathogenicity, Vietnam.
In 1997, in Hong Kong, 18 people were infected with highly pathogenic avian influenza (HPAI) viruses of the H5N1 subtype, six of whom died [2, 9] . These were the first recognized cases of HPAI viruses infecting humans with lethal outcomes. The H5N1 viruses isolated from humans during this outbreak varied in their virulence in mice; some replicated systemically with lethal outcomes, whereas others did not [3, 6] . Thus, some HPAI viruses can replicate efficiently in mammalian hosts without adaptation.
Since late 2003, HPAI H5N1 viruses have spread among domestic poultry and wild aquatic birds in Vietnam, Thailand, China, Korea, Japan, Laos, Cambodia, and Indonesia (World Organization for Animal Health [OIE] [http:// www.oie.int]). These outbreaks caused devastating damage to domestic poultry populations in these countries and have yet to be controlled in some areas. To date, 63 deaths among 124 humans infected with the H5N1 viruses have been recognized in Asian countries (World Health Organization [WHO] [http://www.who.int/en/]). Of these, 91 infected patients and 41 deaths were reported in Vietnam. Because the majority of the human cases of H5N1 virus infection have occurred in Vietnam, it is important to determine the pathogenic nature of the H5N1 viruses circulating there. Accordingly, we assessed the pathogenicity in mammals of H5N1 viruses circulating in Vietnam, by inoculating mice with H5N1 viruses isolated from poultry and from humans.
Five viruses isolated from chickens or a duck between January 2004 and August 2005 were propagated in the allantoic cavities of 10-day-old embryonated chicken eggs ( Table 1) . Two viruses isolated from humans in late December 2003 and January 2004 in Vietnam were also used in this study ( Table 1 ). All five avian and both human isolates contained multiple basic amino acids at the hemagglutinin (HA) cleavage site (Muramoto Y. et al., in press), which is indicative of high virulence in chickens [4, 8] . To characterize the virulence of these viruses in mice, we determined the MLD 50 (i.e., the dose required to kill 50% of the infected mice) for each virus. Groups (n=3 per group) of 6week-old female BALB/c mice (Japan SLC, Hamamatsu, Japan) were anesthetized with sevoflurane and infected * CORRESPONDENCE TO: KAWAOKA, Y., Division of Virology, Department of Microbiology and Immunology, Institute of Medical Science, University of Tokyo, Shirokanedai, Minato-ku, Tokyo 108-8639, Japan. intranasally with serial 10-fold dilutions of viruses, thereby creating doses ranging from 10 0 -10 6 plaque-forming units (PFU). The mice were monitored daily for clinical signs of infection for 14 days postinfection (p.i.). MLD 50 values were calculated using the method of Reed and Muench [7] .
Both H5N1 viruses isolated from human patients were pathogenic in mice, although the MLD 50 of A/Vietnam/ 3040/04 was more than 100-fold lower than that of A/Vietnam/3028II/03 (Table 1) . By contrast, 4 of the 5 viruses isolated from poultry did not kill the mice, with only A/ chicken/Vietnam/G04/04 being lethal, despite its MLD 50 being higher than those of the human isolates. These results indicate that the H5N1 viruses isolated in Vietnam vary in their pathogenicity in mice.
To understand the basis for the difference between lethal and nonlethal avian H5N1 isolates in mice, we examined viral replication in the organs of mice infected with the lethal A/chicken/Vietnam/G04/04 and the nonlethal A/ chicken/Vietnam/TY9/05. Groups (n=3/group) of mice were infected with 10 6 PFU of virus, and three and six days later, lungs, spleen, and brain were collected for virus titration. The tissues were homogenized in cold phosphate-buffered saline to make 10% homogenates of lung tissue and 20% homogenates of spleen or brain tissue. The solid debris was removed by brief centrifugation, and undiluted and 10fold serially diluted supernatants were used to titrate virus infectivity with MDCK cells ( Table 2) .
Although nonlethal A/chicken/Vietnam/TY9/05 was detected in lungs at both three and six days p.i., the virus titer was lower on day 3 p.i. compared to day 6. In addition, this virus was not detected in the other organs tested. By contrast, substantially higher titers of virus were detected in the lungs of mice infected with the lethal A/chicken/Vietnam/G04/04 at both day 3 and day 6 p.i. Moreover, this virus was also recovered from the brain of all infected animals on day 6, and from the spleen of some of the animals. These results indicate that the severity of disease caused by A/chicken/Vietnam/G04/04 was likely associated with the efficient replication of the virus in this host and due to broad tissue tropism, including the ability to replicate in brain.
Here, we have identified one avian and two human isolates from Vietnam that are highly pathogenic in mice. The avian strain possesses HA and neuraminidase genes that are closely related to those of H5N1 viruses that were isolated from humans in 2004 in Vietnam (Muramoto Y. et al., in press), indicating that an H5N1 virus capable of causing lethal infection in mammals was circulating in avian species in Vietnam. Finding a virus lethal to mice in chickens raises an interesting possibility. A/goose/Guangdong/1/96, the precursor of the H5N1 viruses isolated to date, and those isolated from birds prior to 2001 were nonpathogenic in mice [1, 5] . Therefore, the H5N1 viruses isolated from humans in 1997 in Hong Kong that were pathogenic in mice were likely selected during replication in humans from viruses nonpathogenic in mice. However, with the isolation of a chicken virus that is lethal to mice in Vietnam, the possibility exists that some of the humans infected in the current outbreak were exposed to H5N1 viruses that were already lethal to mice. In fact, H5N1 avian isolates capable of causing lethal infection in mice have been reported previously [1] . The circulation of these avian isolates may explain the higher mortality rate in humans (>50%) in the 2003-2005 outbreak than was seen in the 1997 outbreak (33%).
It is noteworthy that the virus titers in the lungs of mice infected with the nonlethal avian isolate A/chicken/Vietnam/TY9/05 were higher on day 6 p.i. than on day 3 ( Table  2) . This finding suggests possible adaptation of this virus in mice. Thus, in addition to the scenario described above (i.e., direct transmission to humans of virus with the potential to cause lethal infection in mammals), nonlethal virus could adapt during replication in humans to become more pathogenic, a circumstance that likely occurred in the 1997 outbreak. In either case, the H5N1 viruses continue to pose a serious threat to public health as long as they circulate in poultry, a situation unlikely to change in the near future. It is clearly essential that we continue to monitor the genetic and biologic changes in these viruses.
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